A defined medium was capable of supporting the growth of a psychrophilic coccus over its growth temperature range, -4 to 25 C. A rapid loss of viability occurred when exponential cells were transferred to growth-restricting temperatures above 25 C. Comparative studies of the chemistry of exponential-phase cells and cells exposed to supermaximum temperature indicated that this loss of viability is not due to temperature-induced membrane damage, inhibition of respiration or energy metabolism, or depletion of intracellular reserves. Moribund and dead cell populations showed an elevated level of intracellular adenosine-5'-triphosphate and amino acids-a finding reflected in the reduced rate of amino acid synthesis during the recovery of heat-shocked cells-and also leakage of degraded ribonucleic acid products into the medium. Incorporation studies indicated that loss of viability at 30 C was correlated with inhibition of protein synthesis, followed later by inhibition of ribonucleic acid synthesis. Deoxyribonucleic acid synthesis was unaffected by temperature above the maximum. Experimental cultures. The organism was grown in 100-ml volumes at 14 C, with shaking, in baffled 300-ml flasks in a Psychrotherm incubator shaker (New Brunswick Scientific Co., New Brunswick, N.J.). The defined medium (GSM) used for cultivaIPresent address:
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The effects of exposure to restrictive growth temperatures on the viability, membrane function, intermediary metabolism, and macromolecular synthesis of an obligate psychrophile were studied in an attempt to delineate the area or areas of cellular chemistry responsible for the low maximal growth temperature of the organism. The bacterium employed in this investigation was isolated and first described by McLean, Sulzbacher, and Mudd (23) . They named the organism Micrococcus cryophilus, but this classification has recently been questioned (6) . It was a suitable test organism for this investigation because of its psychrophilic habit and in particular its inability to grow at temperatures above 25 C.
MATERIALS AND METHODS
Organism. The psychrophile M. cryophilus ATCC 15174 was used in this study. Stock cultures were maintained on slopes of Trypticase Soy Agar (BBL) at 0 C.
Experimental cultures. The organism was grown in 100-ml volumes at 14 C, with shaking, in baffled 300-ml flasks in a Psychrotherm incubator shaker (New Brunswick Scientific Co., New Brunswick, N.J.). The defined medium (GSM) used for cultiva- and then eluted in 3 ml of distilled water. Concentrations were determined by optical-density measurement (5) . Estimates of the absorption maxima of these eluates (5) were used in their final characterization.
Uptake of 8-anilino-J-naphthalene sulfonic acid (ANS). Aqueous solutions of ANS do not fluoresce when excited by ultraviolet light; in the presence of protein, the dye combines with negatively charged groups and the conjugate fluoresces strongly on excitation (42) . Antibiotic damage to a bacterial cell membrane has been shown to result in increased fluorescence, presumably because the dye in solution penetrates the cell and combines with cell protein (25 (26, 20) . L-Malate dehydrogenase (NAD-linked) was measured according to Ochoa (27) (9) . Glutamic dehydrogenase (NAD-linked) activity was assayed by measuring the decrease in optical density at 340 mnu on oxidation of the reduced coenzyme (41) . Glutamic-oxalacetate-transaminase (L-aspartate: 2-oxoglutarate amino-transferase; EC.2.6.1.1.) and glutamic-pyruvic-transaminase (L-alanine; 2-oxoglutarate amino-transferase; E.C.2.6.1.2.) activities were assayed by the use of coupled reactions utilizing malic and lactic dehydrogenases, respectively (1, 2).
The activities of pyruvate, a-ketoglutarate, and succinate dehydrogenases, and of glutamic decarboxylase were assayed manometrically by the conventional constant-volume respirometer technique (39) as described by Jagannathan and Schweet (18), Sanadi, Littlefield, and Bock (32), Bernath and Singer (3), and Vender et al. (41) , respectively.
Aspartase (L-aspartate ammonia-lyase; E.C.4.3.1. 1.) activity was assayed by ammonium release (41) , the ammonium nitrogen produced being measured by use of Nessler's reagent (19) .
Respirometry. Respiratory activities in the presence and absence of exogenous glutamic acid were determined as described by Umbreit (39) 40 ml of 4 N NH40H released the basic fraction, amino acids. Each fraction was concentrated, assayed for radioactivity, and then separated further on columns generated from Dowex AG 1 X 10 (chloride form; 200-400 mesh; Calbiochem). Acetate and formate forms of the resin were generated by passing 1 M solutions of sodium acetate or sodium formate through the columns (6 X 1 cm) until the effluents were chloride-free. The resins were then washed with 40 ml of 0.1 M acetic acid, or formic acid, before being washed with deionized water, until the effluents indicated a pH of 7.0. The neutral sugars were washed through the formate column with 40 ml of deionized water, and the organic acids were eluted later with 40 ml of 4 N formic acid; the neutral and basic amino acids passed through the acetate column, and the acidic amino acids were eluted later with 40 ml of 4 N acetic acid. These final fractions were again evaporated to smaller volumes, and samples were collected and dried on planchets. Radioactivity was measured in a thin-end window gas-flow counter (Nuclear-Chicago Corp., Des Plaines, Ill.), and the counts were corrected for self-absorption and background radioactivity.
Uptake and incorporation oflabeled macromolecular precursors. Cells were incubated in dilute suspension in GSM in the presence of 14C-phenylalanine, -uracil, or -thymidine (Calbiochem; 1.0 uc; 10 ,ug/ml), and l-ml samples were withdrawn at intervals. thiopene in 1 liter of sulfur-free toluene, was added, and the radioactivity present was determined in a Packard 3003 Tri-Carb scintillation spectrometer. Incorporation of label into protein was determined by measuring the activity found in the washed, hot 5% trichloroacetic acid-insoluble precipitate; incorporation into RNA and DNA was determined by measuring the activity in the washed, cold trichloroacetic acid-insoluble precipitate. Radioactivity is expressed as counts per minute per 1 ml of sample withdrawn.
RESULTS
Egffect of exposure to supermaximum temperature on viability. Temperatures above 25 C restricted growth (Fig. 1) (Fig. 2) , damage did not parallel the rate of viability decline but appeared to be a phenomenon secondary to the death of the cells. A control culture at 14 C showed little loss of viability and only 2% fluorescence by 8 hr.
The relationship between loss of viability and leakage of intracellular materials over an 8-hr incubation period at 30 C is shown in Fig. 3 The nature of the orcinol-positive material released in quantity from cells over a 5-hr incubation period at 30 C was found to be predominantly cold trichloroacetic acid-soluble material ( Table  2 ). Molecular sieving and chromatography confirmed this: 95% of the material absorbing at 260 m,u, all orcinol-positive, came under one peak which separated into four components running alongside markers of 5'-nucleotides of RNA bases (Fig. 4, Table 3 ). Clearly, membrane integrity is retained for some time after temperature-induced death of the cell, and the leakage noted is of a specific type, indicating that some form of control is retained.
Energy metabolism at supermaximum temperature. A survey of the activities of the tricarboxylic acid cycle enzymes and several enzymes related to the metabolism of glutamate is presented in Table 4 . No evidence of extreme temperature sensitivity, detectable by loss of activity on assay at 30 C or on heat-shocking whole cells at 30 C prior to disruption, was noted in any of the enzymes studied. Indeed, in some cases activity seemed to be slightly greater at the higher temperature.
Terminal respiration, measured by oxygen uptake (Fig. 5) Cytidine-5'-phosphate. .
5.76
Guanosine-5'-phosphate ........
3.48
Uridine-5'-phosphate ...........
5.26
6) also appeared to be unaffected by exposure to moderate temperature. Oxygen consumption was maximal at 20 C exogenously and 26 C endogenously; at temperatures above the optimum for respiration, the rate fell gradually and uptake was still detected at the highest temperature tested, 38 C. Variations in the total ATP content of cells with time depended upon temperature of incubation and the presence or absence of an oxidizable substrate. At 14 C, the concentration of ATP fluctuated during the 8-hr test. The final concentration rose slightly in the presence of an oxidizable substrate and fell in its absence. At 30 C in buffer, however, the concentration rose slightly only during the first 2 hr and and then remained stationary. In the presence of glutamate, in contrast, there was a steady rise for the first 4 hr (during which time 82% of the population died) followed by a huge increase in content for the rest of the test. This observation suggested that it is not synthesis, but rather utilization, of ATP that is impaired. These results indicate that the temperature-sensitive lesion in this psychrophile is not in the area of energy metabolism.
Levels of intracellular reserves and intermediary products. There were some differences in the levels of intracellular reserves and intermediary products during and after exposure to supermaximum temperature. In cells exposed to 30 C, total amino acid content decreased for the first 30 min, and ninhydrin-positive materials accumulated thereafter; keto acid levels rose initially and then were depleted (Table 5) . From the results noted earlier, depletion cannot be attributed to cell leakage during the test period. A comparison of the incorporation of label from acetate-2-'4C at 14 C by normal and heatshocked cells showed differences which might be related to temperature-inflicted damage ( Incorporation of phenylalanine, uracil, and thymidine into macromolecules at supermaximum temperatures. Upon transfer of cells to 30 C, first phenylalanine and then uracil incorporation stopped, after which time part of the uracil label, rapidly incorporated into the cold trichloroacetic acid-insoluble precipitate, became acid-soluble (Fig. 7) . Thymidine incorporation was not immediately sensitive to moderate temperature. A comparison of these findings with the viable status of the culture throughout the test emphasizes their significance: loss of viability within the culture commences as protein synthesis halts. When test conditions were altered slightly, by varying the cell concentration or the supermaximum temperature employed in such a way that temperature-induced death of the cells was hastened or retarded, inhibition of protein synthesis (followed 15 min later by inhibition of RNA synthesis) still corresponded to loss of viability.
In all cases, total uptake of phenylalanine and uracil by the psychrophile at 30 C continued after incorporation of label into trichloracetic acidprecipitable material had ceased.
DISCUSSION
This investigation was concerned primarily with one aspect of the physiology of M. cryophilus, its inability to grow above 25 C. In our study of the biochemical explanation for this, emphasis was placed on the changes occurring during the onset of lethality, rather than on all factors pertaining to loss of viability at moderate temperature. The standpoint taken at the beginning of this study was that there must be a primary, temperature-induced lesion halting growth, after which secondary factors would influence the death rate of the cells.
The organism has been shown to be capable of growth on a basic, minimal medium containing L-glutamic acid as sole nutrient source, and incapable of utilizing glucose, which suggests that there may be an incomplete glycolytic pathway, at least in the catabolic direction. Mutants of Escherichia coli with the ability to utilize glutamate as sole source of carbon have been isolated, this metabolic property being described as due to a lack of a condensing enzyme (13) or of glutamic decarboxylase (41) . Assays of tricarboxylic acid cycle enzymes from M. cryophilus have shown that neither of these explanations pertain in this case.
This minimal medium supports growth up to 25 C but no form of supplementation was found to sustain growth above that temperature, indicating that the temperature sensitivity of the organism was probably not due to the blocking MALCOLM of a specific biosynthetic pathway or series of pathways. Hagen and Rose (16) reported a psychrophilic cryptococcus which could only grow above 28 C if cellular reserves of keto acids were supplemented at higher temperatures.
Another explanation, postulated by Morita and his colleagues (17, 24) , is that the low maximal growth temperatures of obligate psychrophiles may be due to heat-induced damage to the cellular membrane, leading to leakage of intracellular material. These workers noted that, on heatshocking a marine psychrophile in buffer, protein, MINUTES AT 30' FiG. 7. Incorporation oflabeledphenylalanine (0), uracil (A), and thymidine (0) into macromolecules during incubation ofMicrococcus cryophilus at 30 C, and relationship to loss of viability ( 0). Dashed lines represent rate of incorporation in a control at 14 C. Ninety-eight per cent of the activity from labeled uracil detected in the cold trichloroacetic acid-insoluble material after I hr at 30 C was lost from the precipitate following treatment with pancreatic ribonuclease or I M NaOH at 37 C. EFFECI OF TEMPERATURE ON PSYCHROPHILE DNA, RNA, and amino acids were leaked into the medium. They did not, however, establish the exact relationship between leakage and loss of viability, as did Hagen et al. (15) , who, studying a different psychrophile, indicated that loss of viability precedes lysis. M. cryophilus in buffer at 30 C releases 5'-nucleotides of the bases, adenine, guanine, cytosine, and uracil, into the medium over the first few hours, implying some form of selective leakage. Only after approximately 90% of the culture is nonviable are amounts of polymeric RNA, DNA, and amino acids released into the medium. This increasing release occurs at about the same time as cell lysis, as measured by optical density. Only at this stage, too, does the cell become permeable to a protein-conjugating, fluorescent dye. Temperature-induced membrane damage and leakage is not a cause but rather a consequence of death.
The release of these nucleotides from the cell suggests the presence of a phosphodiesterase, active against RNA, which is degraded nonspecifically by exonucleolytic action from the 3'-hydroxyl terminal, releasing sequentially the individual 5'-nucleotides-an activity comparable to that described for snake venom phosphodiesterase. An inhibition of RNA synthesis and an activation of this phosphodiesterase at temperatures above 25 C might explain the release of nucleotides.
Temperature-sensitive enzymes of the tricarboxylic acid cycles of several psychrophilic bacteria have been reported (7, 11, 29, 40) , although these observations were not related specifically to the determination of the maximal temperature for growth in each of these organisms. Several pieces of evidence helped to establish the fact that energy metabolism in M. cryophilus is not restricted by the presence of any exceedingly heat-sensitive enzymes: respiration and coupled phosphorylation were not inhibited by moderate temperature, but continued after the cells had died; the activities of the tricarboxylic acid cycle enzymes, as well as those pertaining to glutamate metabolism, were not adversely affected by heat-treatment; and incorporation studies comparing normal and heatshocked cells showed that the latter incorporated only 80% of the label incorporated by the former over a short feeding period, the difference being due to reduced incorporation into the amino acid and insoluble fractions, not to a defect in energy metabolism.
The observations that amino acids and ATP accumulated within cells during exposure to supermaximum temperature suggested that macromolecular syntheses might be implicated in determining the maximal growth temperature of this psychrophile. Incorporation studies of labeled precursors into the relevant cell fractions indicated that, at 30 C, first protein synthesis and then RNA synthesis halted, and breakdown of the rapidly labeled fraction of RNA ensued. The relevance of these findings to the question of cellular viability is obvious when they are compared with the results of viable counts performed on samples withdrawn at regular intervals throughout the test; the observation that loss of viability within the culture commenced as protein synthesis halted was reproducible under varying experimental conditions. As has been stated, the criterion of viability in these studies has been ability of the cells to reproduce. This implies DNA replication, and protein formation (14, 22, 28) and RNA synthesis (10) have been cited as essential requirements for each new cycle of replication. Hence, this observation is significant to the question of temperature-induced death.
